FLASH at DESY, Hamburg, Germany is the first free-electron laser (FEL) operating in the extreme ultraviolet (EUV) and soft x-ray wavelength range. FLASH is a user facility providing femtosecond short pulses with an unprecedented peak and average brilliance, opening new scientific opportunities in many disciplines. The first call for user experiments has been launched in 2005. The FLASH linear accelerator is based on TESLA superconducting technology, providing several thousands of photon pulses per second to user experiments. Probing femtosecond-scale dynamics in atomic and molecular reactions using, for instance, a combination of x-ray and optical pulses in a pump and probe arrangement, as well as single-shot diffraction imaging of biological objects and molecules, are typical experiments performed at the facility. We give an overview of the FLASH facility, and describe the basic principles of the accelerator. Recently, FLASH has been extended by a second undulator beamline (FLASH2) operated in parallel to the first beamline, extending the capacity of the facility by a factor of two.
Introduction
The free-electron laser (FEL) FLASH at DESY, Hamburg, Germany was the first vacuum ultraviolet (VUV) to soft x-ray FEL worldwide, starting with regular user operation in 2005 [1] . FLASH is piloting many novel experiments and experimental techniques making use of these unique high-brilliance femtosecond-scale x-ray pulses. A list of publications on science at FLASH may be found in Ref. [2] .
FLASH emerged from the TESLA Test Facility (TTF), a test bed for superconducting accelerating technology [3] . In the framework of TTF, a prototype FEL has been set-up providing VUV radiation to piloting user experiments [4] [5] [6] . First lasing was achieved in February 2000 at a wavelength of 109 nm [4] . This was well beyond optical wavelengths, and at this time a world record toward shorter wavelength FELs.
With a major reconstruction finished in 2003, the TTF facility has been transformed into a FEL user facility named FLASH [7, 8] . FLASH has been constantly upgraded since then. A major upgrade has been the increase in energy reaching 1. 25 GeV, sufficient to enter the water window with the fundamental wavelength [9] . FLASH now operates seven TESLA-type superconducting accelerating modules. In 2009, four third-harmonic superconducting cavities have been installed before the first bunch compressor to control Correspondence to: S. Schreiber, DESY, Notkestrasse 85, 22603 Hamburg, Germany. Email: siegfried.schreiber@desy.de the longitudinal phase space [10, 11] . A recent major upgrade was the construction of a second undulator beamline called FLASH2 [12] . The new beamline is now being commissioned. First lasing was achieved in August 2014 [13, 14] . An overview of the design and operation of the new beamline will be given in Section 5.
SASE FELs
FLASH is a SASE FEL. The word SASE is an abbreviation for self-amplified spontaneous emission. The SASE process is a high-gain narrow-band amplification of spontaneous undulator radiation.
The SASE process was first described by Kondratenko and Saldin [15] , theoretically explored in the early 1980s and later by many groups [16] [17] [18] [19] [20] [21] [22] [23] .
The high-gain amplification of spontaneous radiation is obtained with only one pass through a long undulator until saturation is reached. With the SASE scheme, transversely coherent laser-like radiation with femtosecond pulse durations and unprecedented brilliance in the wavelength range from the VUV, to the extreme ultraviolet (EUV), soft and hard x-ray radiation has been made possible.
There are four main challenges in the realization of x-ray FELs: first, a suitable ultra-high brightness electron source; second, a compression scheme to obtain electron bunches with high peak current of the order of 1 kA or more and at the same time small energy spread below 0.1%, together 2 S. Schreiber and B. Faatz with a low emittance below 1 µm; third, acceleration to the GeV energy scale; and fourth, precise undulator devices of several tens of meters in length, providing a high-precision undulating magnetic field (field homogeneity below 0.1%).
Today, four FEL facilities, FERMI@Elletra, Italy [24, 25] , FLASH at DESY, Germany [1] , LCLS at SLAC, USA [26] [27] [28] , and SACLA at SPring-8, Japan [29] [30] [31] [32] , provide femtosecond short laser-like photon pulses to user experiments. Their wavelengths range from the EUV and soft x-rays (FERMI, FLASH) to hard x-rays (LCLS, SACLA). The peak brilliance usually exceeds 10 30 photons s −1 mrad −2 mm −2 per 0.1% bw, orders of magnitude more than third-generation synchrotron-based light sources can provide.
FERMI@Elletra's specialty is seeding of the SASE process with an external ultraviolet laser.
Worldwide, many other soft-and hard x-ray FELs are under construction, such as the European XFEL located at DESY, Germany [33] , SwissFEL at PSI, Switzerland [34, 35] , PAL-XFEL at Pohang, Korea [36] , and LCLS-II at SLAC [37] .
Many articles and books have been published on freeelectron lasers. An excellent introduction to ultraviolet and soft x-ray FELs is given in the book by Schmüser et al. [38] and an exhaustive discussion on the physics of FELs can be found in Saldin et al. [39] . A brief description of FLASH and other soft and hard x-ray FELs can be found in recent reviews, for example, Refs. [40, 41] , and others cited therein.
Description of the facility
FLASH can be divided into five basic sections: the electron source, the linac to accelerate the electron bunches, bunch compressors to provide high peak currents, the undulator systems to produce the FEL radiation, and finally several end-stations to use the radiation for research purposes.
Since 2014, FLASH has acquired a second undulator beamline, called FLASH2 [42] . After the linac, part of the beam is extracted with a kicker/septum system to the new beamline. FLASH2 has its own undulator system, beam dump and experimental stations. A detailed description of FLASH2 is given in Section 5. The layout of FLASH is sketched in Figure 1 . Table 1 summarizes the main parameters of FLASH.
FLASH uses 1.3 GHz TESLA superconducting accelerating technology [3] . Acceleration using superconducting RF is very efficient. At FLASH, accelerating gradients exceed 25 MV m −1 , with a usable RF pulse length of 0.8 ms at a repetition rate of 10 Hz.
The free-electron laser FLASH Figure 2 . Schematic drawing of the FLASH RF-gun. The beam is emitted from the photocathode and exits to the right (path indicated by the red line). The laser beam illuminating the cathode enters along the electron beam path from the right (blue line). The RF is fed in via a coaxial waveguide coupler. Drawing courtesy: Elmar Vogel, DESY.
These long RF pulses allow the acceleration of many electron bunches within one RF pulse, so-called bursts or pulse trains. Usually, in one RF pulse, a maximum of 800 bunches with a 1 µs spacing are accelerated to up to 1.25 GeV.
Electron source
As in most x-ray FEL facilities, FLASH uses a laser-driven RF-gun-based photoinjector [43] .
Most challenging for a free-electron laser is the requirement on the transverse projected emittance, together with a high peak current and small energy spread. As an example, a peak current 2.5 kA is achieved with a bunch length of 50 µm and a charge of 1 nC. Even after compression, the emittance of the lasing slice should be small, as a rough estimate below 1 µm. A technical solution is the RFgun introduced by Fraser et al. in 1986 [44] . The electrons are emitted directly into a strong accelerating field from a photocathode driven with a suitable laser system. Rapid acceleration reduces space-charge-induced emittance growth, and laser-induced emission allows production of millimeter short bunches already at the cathode.
The FLASH photoinjector operates a 1 1/2-cell normal conducting 1.3 GHz L-band copper gun cavity powered by a 10 MW klystron, pulsed at 10 Hz with a RF pulse duration of up to 900 µs. Figure 2 shows a schematic drawing of the gun.
The RF-gun is operated with a RF power of 4.5 MW fed into the standing wave gun cavity by a longitudinal RF coupler. This corresponds to a maximum field at the cathode of 50 MV m −1 . A RF-window separates the gun vacuum from the pressured air waveguide system. Although the design allows a RF pulse length of up to 900 µs, we usually operate the gun at 500 µs and 10 Hz to increase its lifetime. The average RF power is 25 kW. The RF-gun has no tuning paddles and no field pick-ups in the cavity. The gun is kept in tune at 1.3 GHz by controlling its temperature. The cooling water system achieves a long-term temperature stability of 0.015 • C (rms). The zero to pi-mode separation is 5 MHz. This is larger than the bandwidth of the klystron. A lowlevel RF system based on the MTCA.4 standard keeps the amplitude and phase flat over the whole pulse length [45, 46] . From the measured forward and reflected power using a precise directional coupler close to the gun, the vector sum is built and used for feedback. The amplitude is controlled to better than 0.01% during the flat-top RF pulse and also from shot to shot. The phase stability within the RF pulse is better than 0.01 • , the shot-to-shot fluctuations are 0.08 • .
A solenoid provides a focusing field of 180 mT to reduce the space-charge-induced emittance growth. The beam is then injected into the first superconducting accelerating module within a distance of 2.9 m from the cathode, optimized for smallest emittance. The solenoid field, laser spot size, and launch phase are carefully chosen to optimize beam properties. The measured projected normalized transverse rms emittance for a 1 nC bunch after acceleration to 150 MeV is smaller than the design value of 2 µm [47] . With a transversely and longitudinally flat laser beam profile and increased RF power of 6 MW, the new prototype injector for FLASH and the European XFEL reaches a remarkable 0.7 µm at 1 nC [48] .
The photocathode is a thin film of Cs 2 Te with a diameter of 5 mm deposited on a molybdenum plug [49] , inserted to the RF-gun backplane via a load-lock system [49] . Cathodes are prepared off site, either at INFN LASA, Milano or at DESY. They are transported in a special transport chamber with a battery back-up to maintain ultra-high vacuum conditions at all times. Figure 3 shows the quantum efficiency (QE) evolution of a cathode in continuous operation at FLASH for 436 days. The initial QE after production in May 2013 was 9.5%. FLASH produces a total charge of about 10 C per year. The laser system is designed such that a QE down to 0.5% is tolerable.
The dark current emitted from the RF-gun is usually below 10 µA for nominal operation parameters and is largely collimated by a kicker-collimation system at the gun exit, where the beam energy is still small (5.3 MeV).
FLASH has three drive lasers. Two of them are almost identical and are usually used to run the FLASH1 or FLASH2 beamlines. The third one has a variable pulse duration for ultra-short single-spike lasing experiments [50] . In the following, we describe the laser and beam properties in use since 2010 for the FLASH1 beamline. Details on FLASH2 will be given in Section 5. The drive laser is based on modelocked pulse train oscillators synchronized to the 1.3 GHz RF of the accelerator. A chain of diode-pumped Nd:YLF amplifiers provides the power to convert the initial infrared wavelength into the ultraviolet (262 nm) [51] required for efficient photo emission. The ultraviolet single-pulse energy is up to 15 µJ with a shot-to-shot stability of 0.5% (rms). The laser pulses are longitudinal Gaussian with σ = 6.25 ± 0.25 ps. The arrival time stability measured with respect to the synchronization laser is within 80 fs (rms). The laser is able to deliver up to 800 pulses within a pulse train or burst with a minimum spacing of 1 µs (1 MHz) at 10 Hz. Several distinct spacings corresponding to frequencies between 1 MHz and 40 kHz are realized. However, due to the fixed RF pulse length of 800 µs, the maximum number of bunches in a train is determined by the spacing between the bunches.
At a reduced repetition rate of 5 Hz, within burst rates of 3 MHz are possible as well, thus increasing the number of pulses per burst to 2400.
The laser uses the relay-imaging technique with hard-edge spatial filtering. The laser overfills a hard-edge aperture, which is imaged onto the cathode. This yields to a transverse almost flat cut-Gaussian profile. Different aperture sizes can be used; we usually run the 1.2 mm diameter aperture for charges between 300 and 500 pC.
FLASH operates with bunch charges between a few pC and 1.2 nC, depending on the required properties of the SASE radiation. Usually, lower bunch charges are chosen for short photon pulses. The operable charge range is mainly limited by the dynamic range of diagnostics and instrumentation.
Acceleration
FLASH uses TESLA-type superconducting accelerating modules. Each module consists of eight 1 m long 9-cell standing wave solid niobium cavities with a fundamental mode frequency of 1.3 GHz (Figure 4 ). The cavities are bath-cooled by superfluid helium to 2 K and designed to reach an accelerating gradient of 25 MV m −1 , some cavities even reach more than 30 MV m −1 . The unloaded quality factor Q is 1 to 2×10 10 . The loaded quality factor of the high-power RF coupler is adjusted to 3×10 6 , the filling time is 500 µs with a flat-top part for acceleration of 800 µs. The repetition rate is 10 Hz. For an accelerating gradient of 25 MV m −1 , the RF power per coupler is 250 kW. Eight cavities are mounted into one module, each equipped with one RF coupler ( Figure 5 ). Pairs of modules (except the first one) are fed by three 5 MW Thales klystrons and one 10 MW Thales multi-beam klystron. In Figure 1 energy of 1.25 GeV, including off-crest acceleration for bunch compression. A refurbishment with new modules having high-performance cavities to increase the energy to 1.4 GeV or more is foreseen in the years to come.
The beam from the RF-gun is immediately accelerated by one module (called ACC1) to 160 MeV. This module is fed by its own 5 MW klystron with the special feature to operate the first four cavities with reduced power. Module ACC1 is followed by a module with four third-harmonic cavities operated at 3.9 GHz. They are used to linearize the longitudinal phase space required for efficient bunch compression. A voltage of up to 21 MV can be applied, the deceleration is 14 MV m −1 . Figure 6 shows the installation of the 3.9 GHz module into the FLASH injector in 2009. Figure 7 shows a tunnel section with accelerating modules.
A dedicated low-level RF system stabilizes and flattens the amplitude and phase of the accelerating fields. The vector sum of all 16 cavities connected to one RF station is calculated and stabilized. It uses sophisticated feedback and learning feedforward techniques. An excellent overview on the stabilization of the vector sum of the amplitude and phase of several cavities driven by one klystron can be found in Ref. [52] .
Recently, a modern system based on the MTCA.4 technology has been brought into operation [46] . The new system shows a substantial improvement, by a factor of two, in performance compared to the previous system: an excellent rms amplitude stability of better than 0.5×10 −4 , and a phase stability of better than 0.01 • , both over the flat-top and from pulse to pulse, is achieved.
Due to the bunch compressor chicane with an R 56 of 0.18 m, the very small remaining energy jitter translated into an excellent arrival time rms jitter of only 30 fs [46] . The arrival time is measured with special pick-ups correlated to an optical synchronization system [53, 54] . Using these monitors, an arrival time feedback along the bunch trains of FLASH has been realized to the 20 fs level and better [55] . Stable arrival times of less than the photon pulse duration are important for experiments using, for example, the pumpprobe technique.
Bunch compression
Due to strong space-charge forces at low electron energies, it is not possible to produce bunches with a peak current exceeding 100 A directly at the source. But even for relatively small charge densities, space-charge forces may induce a growth of the projected transverse emittance. The bunch length exiting the RF-gun is σ z = 2 mm for a charge of 1 nC, long enough to reduce space-charge forces to an acceptable level. Since the space-charge forces scale with 1/(σ z γ 2 ), compression of bunches to the kA-scale is applied at high beam energies. (γ the normalized electron beam energy E: γ = E/m e c 2 , with m e the electron mass, and c the speed of light.)
To mitigate strong space-charge effects at lower energies and large induced energy spread at higher energies, FLASH uses two magnetic chicane bunch compressors, at beam energies of 150 and 450 MeV, with R 56 of 180 and 43 mm, respectively. Compression of relativistic electron bunches is obtained in magnetic chicanes using an energy chirp along the bunch obtained by off-crest acceleration. Due to the cosine form of the accelerating field, the chirp needs to be linearized before compression. For this, FLASH uses the four superconducting cavities installed upstream of the first compressor. They operate at 3.9 GHz, the third harmonic of 1.3 GHz. Apart from linearizing the longitudinal phase space, a proper adjustment of phase and amplitude of the cavities in the chirping modules together with the thirdharmonic module allow a flexible adjustment of the com-6 S. Schreiber and B. Faatz pression. To a certain extent, tailoring of the bunch length and shape is possible.
For smaller charges, a stronger compression can be applied without spoiling the bunch due to space-charge effects. For example, at 1 nC, the bunch is first compressed by the first chicane to 250 µm and then down to 50 µm (sigma) by the second chicane, achieving a peak current of 2.5 kA and a FEL pulse duration of 150 fs (FWHM). At a reduced charge of, for example, 0.2 nC, 50 fs or less can be realized.
The electron bunch duration is measured with a resolution of a few femtoseconds by frequency-domain spectroscopy of coherent transition radiation in the terahertz range [56] , and a deflecting cavity for time-domain longitudinal phase space measurements [56] .
Undulators
The FLASH1 beamline has six fixed-gap undulator segments with lengths of 4.5 m each. The undulators consist of a periodic structure of permanent NdFeB magnets with a gap of 12 mm. The peak magnetic field is 0.47 T, the undulator period 27.3 mm, and the K -value 1.23 (K rms = 0.9). An excellent field quality has been achieved, the field is almost purely sinusoidal. The contributions from odd harmonics are very small, below 0.1% (third) and below 0.05% (fifth).
Between the six undulators, high-resolution beam-position monitors, wire scanners to measure the transverse beam profile, and a quadrupole doublet to maintain a constant beta function of about 10 m are installed.
The fundamental wavelength for radiation of a planar undulator in the forward direction is given by
where λ u is the undulator period and K is the dimensionless undulator parameter. For a planar undulator, K is defined as
where e is the electron charge and B o the peak magnetic field on the undulator axis. An important consequence of Equation (1) is the apparently unlimited tunability of the radiation by choosing the right electron beam energy. Wavelength tuning is also possible by changing the undulator parameter K . This is realized in variable gap undulators: K changes with the gap height due to the change of B o .
In practice, with beam energies between 350 MeV and 1. 25 GeV, lasing at wavelengths between 52 and 4.1 nm is achieved with the FLASH1 fixed-gap undulators. The third, and sometimes the fifth, harmonics of the fundamental wavelength are also used for experiments. Figure 8 . Photon energy along a photon pulse train of 430 pulses measured with a GMD at FLASH. The detector is able to resolve single FEL pulses (blue line). Also shown are the average over many shots (green) and maximum energies recorded (yellow). In this example, the wavelength is 18.2 nm, the pulse spacing 1 µs. With a single-pulse energy of 80 µJ and 4300 pulses per second, the average SASE power is 350 mW.
Photon diagnostics
The undulator is followed by a photon diagnostics section and a photon beamline to transport the FEL radiation to the experimental hall, where the user experiments are located. A comprehensive overview of the FLASH photon diagnostics is given in Ref. [57] .
The transverse size and position of the photon beam are measured with Ce:YAG screen monitors. The energies of the FEL radiation pulses are measured with absolutely calibrated gas-monitor detectors (GMDs) [58, 59] . They are based on photoionization of gases with well known cross-sections. The detectors have a large dynamic range covering the full spectral range and several orders of magnitude in energy from spontaneous emission to saturation. The electron signal of the GMD resolves single pulses within a pulse train. Figure 8 shows a train of 430 FEL pulses measured with a GMD. The GMDs are also used to measure the transverse position of the photon beam.
The FEL radiation spectrum is measured by highresolution spectrometers. Online, non-destructive spectrometers are also available.
Transverse coherence
SASE radiation is expected to have a high degree of transverse coherence. Measurements at FLASH at a wavelength of 13.7 nm with a double-slit system show an almost full transverse coherence [60] . The double-slit measurement demonstrates that the degree of coherence is similar for the horizontal and vertical direction, and that the coherence length is about 300 ± 15 µm at a distance of 20 m downstream of the undulator. In another experiment, a transverse coherence length of 2.3 mm (rms) has been measured at a wavelength of 24 nm, this time at the experimental station (spot size 2.5 mm rms) and with a 3 mm aperture 20 m downstream of the undulator [61] .
It is important to mention that, in deep saturation, higher modes gain in energy with respect to the fundamental mode, with the consequence of a reduced transverse coherence. The circles indicate a simulation of the averaged spectrum with the 3D code FAST [64] . Adapted from Ref. [8] . Adapted by permission from Macmillan: Nature Photonics, [8] , Copyright (2007) .
For a more detailed discussion on coherence properties the reader is referred to Saldin et al. [62] , and on experiments at FLASH to Roling et al. [61] . A recent discussion on coherence properties of radiation at FLASH points out that the temporal and spatial coherence reach a maximum close to saturation, but may degrade significantly in the post-saturation regime, and that the pointing stability of the radiation may be limited by non-azimuthal eigenmodes [63] .
Coherence time and pulse duration
Other important properties of SASE radiation are the spectral content, the coherence time and pulse duration.
The stochastic nature of the SASE process is responsible for the intrinsic fluctuation of the energy and wavelength spectra of the amplified FEL radiation. Figure 9 shows examples of single-shot spectra measured at FLASH. The single-shot spectra vary in center wavelength and shape. The bold curve in Figure 9 is an averaged spectrum over 300 shots. In this example, the single-shot spectra sometimes show a single spike -but often two, three or more spikes are visible. This is also true in time domain: also the temporal profile of the radiation pulses consists of a couple of spikes, varying from shot to shot.
Within one coherence time all electrons radiate in phase, resulting in a temporally coherent 'spike'. Due to the slippage effect (the radiated photons travel faster than the electrons), many spikes build up along the electron bunch, with a random phase relationship between them [23] . At FLASH, a first estimate of the coherence time at a wavelength of 13.7 nm was deduced from experimental data to be a few femtoseconds: τ coh = 4.2 ± 0.5 fs [8] .
Several direct measurements of the coherence time have been carried out at FLASH with a split-and-delay autocorrelation experiment [61, 65, 66] . A recent study measured the coherence time as a function of wavelength λ, demonstrating the nonlinear dependence τ coh ∝ √ λ [61] . For example, at 24 and 8 nm τ coh = 6 ± 0.5 fs and τ coh = 2.9 ± 0.5 fs, respectively, have been measured.
There have also been several experiments to measure the photon pulse duration. As an example, the split-and-delay autocorrelator was used together with two-photon double ionization of He as a nonlinear medium. Figure 10 shows the time-resolved yield of double ionized He [67] . From a fit to the data, a pulse duration of τ s = 29 ± 5 fs (FWHM) has been derived. The plot also shows as a dashed line the spike structure of the FEL pulse in time domain.
Another measurement of the pulse duration at FLASH at a wavelength of 13.5 nm gives a pulse duration of τ s = 37 ± 7 fs (FWHM) [68] . This time a streak technique with THz radiation from the FLASH THz undulator was used.
Recently, a series of experiments have been carried out at FLASH to measure the photon pulse duration and the electron bunch length at the same time via nine different methods [69] . One result is that the duration of the photon pulse is usually shorter by a factor of roughly two than the electron bunch generating the SASE radiation. 
FLASH operation
FLASH is a user facility. The first call for user experiments has been launched in 2005. The facility hosts many experiments, ranging from atomic physics through materials science to biology.
FLASH provides 4500 h beamtime per year for external user experiments. User experiments are overbooked by a factor of three to four. The beam can only be served for one experiment at a given time. In addition, 2250 h of beamtime is used to prepare user experiments, and for photon beamline and accelerator related studies to improve the performance of the facility. Part of the beamtime is dedicated to general accelerator-related research and development (750 h). This includes testing beam instrumentation and other equipment for the European XFEL. FLASH has also been a test bed for the International Linear Collider Project.
User experiments are schedules in blocks of four weeks. The two or three weeks time between the blocks is used to swap the experiments and to prepare the beamlines for the next experiments. Part of the time is also used for the studies described above.
In a typical week, two or three experiments are served with beam alternating from day to day. As a consequence, the wavelength at FLASH is often changed on a day to day basis. As described in Section 3.4, the wavelength at FLASH1 is changed by changing the beam energy. This is especially difficult for low beam energies where space-charge forces are more dominant. Depending on the required bunch length, Figure 12 . Basic scheme for splitting the bunch trains. The train is split into two parts, one to be sent to the FLASH1 beamline, the other to FLASH2. The gap between the sub-trains is large enough to ramp up the kicker system. space-charge-induced effects vary with beam energy in a nonlinear way, which makes a wavelength change non-trivial and time consuming. Together with other requests, such as pulse duration, spectral width, many pulses per second all with the same properties, correct and stable pointing, etc., this results in a substantial tuning time of about 20% of the time allocated for user experiments.
With the construction of the second beamline FLASH2, we will be able to double the available beamtime, and to ease wavelength tuning by providing variable gap undulators.
The new undulator beamline FLASH2
FLASH2, the second undulator beamline, was constructed between late 2011 and early 2014 [12, 42, 70] . Figure 11 shows an aerial view of the facility. A new building for the FLASH2 undulator beamline has been built along the old FLASH1 tunnel. The building is large enough to house a third beamline in the future. For the connection to the FLASH accelerator, an opening has been cut into the old FLASH1 tunnel.
The main features of FLASH2 are to double the available beamtime for experiments, to provide more flexibility with variable gap undulators, and -at a later stage -to include seeding options. A second experimental hall completes the beamline, with space for up to seven experimental stations.
The new beamline makes full use of the existing accelerator of FLASH. Part of the bunch train is extracted after acceleration from the main accelerator at a shallow angle of 12 •[71] to the right in the direction of the new beamline (see also the FLASH layout in Figure 1) . Figure 12 shows the basic scheme: the electrons are accelerated in bursts or trains, as described in Section 3. This train is now separated into two parts, one to be sent to the FLASH1 beamline, the other to FLASH2. A kickerseptum system provides a fast separation within 30 µs. The gap between the sub-trains is large enough to ramp up the kicker system.
Both beamlines are thus operated with the repetition rate of the accelerator, essentially doubling the available beamtime.
The free-electron laser FLASH 9 1% bw) ). a This includes a headroom of 50 µs for a FLASH1 beam with a few bunches only.
Simultaneous operation of FLASH1 and FLASH2
Even though FLASH is able to deliver several hundred photon pulses in one pulse train to experiments with a repetition rate of 10 Hz, not all users fully use this feature. In practice, about half of the users request long pulse trains for their experiments, whereas the others ask for a single pulse or a few pulses only. Therefore, it is hardly a limitation to deliver a beam to two users simultaneously with one user receiving only single bunch or a few bunches, provided that all other parameters can be chosen as flexibly as possible. Table 2 shows the expected parameters for the FLASH2 beamline.
The obvious parameter which needs to be independent for both experiments is the wavelength. Therefore, the FLASH2 undulator has a variable gap, with which the wavelength can be tuned by roughly a factor of four for each beam energy. The correct undulator gap is set by measuring the electron beam energy and automatically setting the gap for the desired wavelength.
A second important parameter needed by the users is the pulse duration of the photon pulse. In order to achieve this, the charge needs to be different for both undulators and the compression must be different as well. A different charge is achieved by using two different injector lasers. Figure 13 . An example of the steps in amplitude (top) and phase (bottom) within a RF pulse in one of the modules, needed to optimize compression for different charges at FLASH1 and FLASH2. The part from 0 to 400 µs is for the sub-train to be sent to FLASH1, the part from 500 to 600 µs is for FLASH2. The position where the step occurs is adjustable according to the length of each sub-train. The green curves show the setpoint for the step and the blue curves show the achieved step.
This also ensures that different numbers of bunches and different bunch separations can be set easily as well. Because these bunch trains have different space charges, to realize different bunch lengths, each sub-train requires a different compression scheme. This is done by adjusting the RF amplitude and phase of each RF station separately for each sub-train. Figure 13 shows an example of the split RF scheme.
Tests have shown that changes in all RF stations are needed, even though one might expect that only changes are needed at lower energy and those stations where the beam is compressed. In fact, in practice we have seen that also a slight deviation in energy is necessary to obtain optimal performance for both beamlines.
Examples for lasing at FLASH1 and FLASH2 are shown in Figure 14 . Since the detector at FLASH2 is not calibrated yet, only arbitrary units are shown for this beamline. In the case shown, the electron beam energy was around 0.7 GeV, which corresponds to a wavelength of around 13 nm for the FLASH1 fixed-gap undulator. While the FLASH1 FEL beam was used by users for an ongoing experiment, the wavelength of the photon beam at FLASH2 was varied by changing the undulator gap, resulting in wavelengths between 40 and 11 nm. The 12 nm point is shown in Figure 14 . Similar tests of the wavelength tuning range have been performed at electron beam energies between 0.55 and 1.2 GeV. The bunch number at FLASH1 has been between 1 and 400, with a 10 Hz repetition rate, whereas in FLASH2, the bunch number so far has been limited to a maximum of 11 bunches. Full beam in FLASH2 will be possible when the radiation shielding is finalized in spring 2015. 
